The amyloid precursor protein (APP) plays a central role in Alzheimer's disease, but its physiological function and that of its mammalian paralogs, the amyloid precursor-like proteins 1 and 2 (APLPs), is still poorly understood. APP has been proposed to form dimers, a process that could promote cell adhesion via trans-dimerization. We investigated the dimerization and cell adhesion properties of APP/APLPs and provide evidence that all three paralogs are capable of forming homo-and heterocomplexes. Moreover, we show that trans-interaction of APP family proteins promotes cell-cell adhesion in a homo-and heterotypic fashion and that endogenous APLP2 is required for cell-cell adhesion in mouse embryonic fibroblasts. We further demonstrate interaction of all the three APP family members in mouse brain, genetic interdependence, and molecular interaction of APP and APLPs in synaptically enriched membrane compartments. Together, our results provide evidence that homo-and heterocomplexes of APP/APLPs promote trans-cellular adhesion in vivo.
Introduction
Research on the amyloid precursor protein (APP) has been focused on generation of the amyloid-b (Ab) peptide, which is proteolytically derived from its precursor APP by consecutive cleavages by BACE-1 and g-secretase (Aguzzi and Haass, 2003) . Despite the wealth of studies regarding the physiological role of APP, there is little consensus about its function in vivo. Among other proposed functions, APP was found to promote neurite outgrowth, cell adhesion, and cell proliferation (Annaert and De Strooper, 2002) . However, genetic studies have shown that APP knockout mice are viable, exhibiting only a mild phenotype including reduced forelimb grip strength and locomotor activity (Zheng et al, 1995; Li et al, 1996) . Two paralogs of APP are known in mammals, termed amyloid precursor-like proteins 1 and 2 (APLP1 and APLP2). Mice with single knockouts of APLP1, APLP2, or double knockouts of APP/APLP1 are viable, while combinations of APLP2 and APP or APLP1 knockouts are lethal shortly after birth (von Koch et al, 1997; Heber et al, 2000) , suggesting functional redundancy. Interestingly, triple knockout mice lacking all the three APP family members exhibit cortical dysplasia with ectopic neurons resembling a human type II lissencephaly phenotype (Herms et al, 2004) . The observed phenomenon is in accordance with a redundant function of APP family proteins in neuronal cell adhesion. Redundancy of APP/APLPs is also reflected in a similar protein domain structure, where all the three family members share high homology of intra-and extracellular regions (Coulson et al, 2000) . Moreover, all APP family members are processed in a similar manner by the same protease activities (Eggert et al, 2004) , and it has also been shown that they interact with the Notch pathway during Drosophila development . Despite the high degree of conservation between APP, APLP1, and APLP2, several differences can be noted. The expression of APLP1 is limited to the nervous system (Lorent et al, 1995) , whereas APP and APLP2 are ubiquitously expressed (Tanzi et al, 1988; Slunt et al, 1994) . Additionally, biochemical analyses suggested that APLP1 accumulates at the postsynapse (Kim et al, 1995) , while APP (Ferreira et al, 1993) and APLP2 (Lyckman et al, 1998) are transported to presynaptic sites.
On the basis of its structural features, APP has been proposed to have a receptor-like function and it binds to different extracellular matrix proteins, such as heparin and collagen (Small et al, 1992; Beher et al, 1996) . In this context, it is of interest that APP forms dimers (Scheuermann et al, 2001) , which is reminiscent of classical receptor dimerization described for the EGF receptor (Schlessinger, 2002) . However, it is unclear whether APP dimerization could also occur in an intercellular manner, as described for different cell adhesion molecules (CAMs), such as cadherins and nectins (Takai et al, 2003) . This possibility is supported by the recent crystal structure of the APP extracellular carbohydrate domain (E2), which crystallized in the form of a trans-dimer (Wang and Ha, 2004) . These intrinsic properties of APP would suggest a role in cell-cell adhesion via trans-dimerization. In order to address this hypothesis, we investigated homo-and heterointeraction of APP family proteins and analyzed their ability to promote intercellular adhesion.
Here we report for the first time that homo-and heterocomplexes of APP family proteins promote cell adhesion via trans-cellular interaction. We further demonstrate the existence of endogenous heterocomplexes of APP family proteins in mouse brain and synaptic compartments, suggesting a role for APP family proteins in cell-cell interaction.
Results

Homo-and heterointeraction of APP, APLP1, and APLP2
To address the question whether APP and its paralogs can interact with each other in a cellular system, we performed coimmunoprecipitation analyses of myc-and HA-tagged APP family proteins transiently expressed in COS7 cells. We tested if HA-tagged APP can be coimmunoprecipitated with the corresponding myc-tagged APP construct by using specific anti-myc and anti-HA antibodies ( Figure 1A) . As a control, the analysis was also carried out with cells expressing myctagged APP and vector only. Additionally, in order to exclude artificial postlysis aggregation, extracts from transfected cells expressing myc-or HA-tagged APP only were mixed after lysis and examined by immunoprecipitation as well ( Figure 1A , lanes 'mix').
Under these conditions, myc-tagged APP was specifically interacting with HA-tagged APP in cotransfected cells, but not in the control or after postlysis mixing ( Figure 1A ). With the same experimental setup, APLP1 and APLP2 were also found to specifically interact in a homophilic fashion to a similar extent as observed for APP ( Figure 1A) . Interestingly, we observed interaction of both mature and immature forms of APP/APLPs.
To prove the specificity of our approach, we performed the same experiment in reverse by immunoprecipitating the myc-tagged APP/APLP constructs. Again, we detected the coimmunoprecipitated corresponding HA-tagged constructs at comparable levels as in the experiments above (Supplementary Figure 1) . These results show that APP/ APLPs specifically interact in a homophilic fashion.
We further asked whether APP/APLPs are capable of forming heterocomplexes as well. For this purpose, we expressed all possible combinations of myc-and HA-tagged APP/APLPs, and immunoprecipitated the according myctagged constructs as described above ( Figure 1B) . We found that all APP family proteins were efficiently coimmunoprecipitated in double-transfected cells, while no interaction was detected after postlysis mixing of single transfected cells. Comparable amounts of APP/APLP1, APP/APLP2, and APLP1/APLP2 heterocomplexes were recovered under these conditions independent of the type of tag used for the according APP/APLP construct (see Supplementary Figure 1) .
Together, these results demonstrate that APP family proteins specifically form homo-and heterocomplexes, suggesting a strong tendency for dimerization/multimerization of APP/APLPs in a cellular context.
Interaction of APP/APLPs depends on the E1 domain
To characterize the site of interaction, we generated deletion constructs of APP/APLPs lacking the N-terminal growth factor-like and copper-binding domains (DE1), the carbohydrate domain (DE2), the entire ectodomain (DEC), or the intracellular domain (DCT) (Figure 2A ). Both HA-and myctagged deletion constructs of all the three homologs were made and analyzed in coimmunoprecipitation experiments.
To assess homotypic interaction, HA-tagged full-length APP was coexpressed with the different myc-tagged APP deletion constructs and immunoprecipitated as described above. We found comparable amounts of coimmunoprecipitated myc-tagged full-length APP, APPDE2, and APPDCT ( Figure 2B ). Intriguingly, APP constructs lacking the E1 domain or the entire ectodomain (DEC) displayed poor or no detectable interaction, respectively. We also did not observe postlysis aggregation of the different deletion constructs (data not shown). Similarly, little or no interaction of full-length APLP2 with APLP2DE1 or APPDEC constructs was observed, respectively ( Figure 2B ). For APLP1, consistently lower, but detectable, amounts of myc-tagged APLP1DE1 or APLP1DEC were coimmunoprecipitated, while interaction levels of APLP1DE2 and APLP1DCT remained unchanged ( Figure 2B ).
These data suggest the E1 domain as the major region required for homodimerization of all three homologs. Additionally, the transmembrane (TM)/juxtamembrane region, especially of APLP1, might be involved in mediating homotypic binding.
Analogously, we performed a systematic mapping of heterotypic interaction of APP family proteins. APP/APLPs lacking the E2 domain or the intracellular domain were still interacting to a similar extent as the full-length proteins. In contrast, like already seen for homointeraction, all mutant APP/APLP1 lacking the E1 domain or the entire ectodomain were weakly, or not, coimmunoprecipitated, respectively ( Figure 2C ).
Taken together, these results show that the E1 domain is the major interface for homo-as well as heterotypic interaction of APP/APLPs.
Dimerization of APP, APLP1
, and APLP2 at the cell surface We further asked whether interaction of APP/APLPs also occurs at the cell surface, which would be prerequisite for In all, 1/25 of each lysate was used for the DL. HA-tagged APP was immunoprecipitated from cell extracts and immunoblotted for myc-and HA-tagged constructs. The identical setup was used for APLP1 (HA-A1) and APLP2 (HA-A2) homointeraction with the corresponding deletion constructs. Lower levels of APLP2DCT interaction are due to lower expression levels of this construct. (C) Heterointeraction of APP, APLP1, and APLP2 with different deletion constructs in COS7 cells. As for the mapping of homointeractions, a HA-tagged APP family member was coexpressed with vector only or different APP/APLP deletion constructs and immunoprecipitated (as indicated). In all, 1/25 of each lysate was used as an input control (DL).
dimerization-induced cell-cell adhesion. Therefore, we used a crosslinking approach utilizing the membrane impermeable crosslinker DTSSP to covalently link cell surface APP/APLPs in intact cells. COS7 cells expressing APP, APLP1, or APLP2 were labeled with [ 35 S]methionine and incubated with DTSSP at 41C to prevent endocytosis. Afterwards, cells were lysed and the according APP family members were immunoprecipitated with specific antibodies. As a control, equally treated cells without addition of DTSSP were analyzed in parallel. For all the three APP family members, specific bands corresponding to the size of homodimers (200-220 kDa) could be detected in DTSSP-treated cells, but not in control cells (Figure 3 ). To assess the nature of the crosslinked protein species, the crosslinking products were excised from the gel and the contained proteins were extracted. The samples were then denatured under reducing conditions in order to dissociate the crosslinker. After SDS-PAGE and autoradiography, we found that the recovered major bands were corresponding to the size of the APP/APLPs monomers (100-120 kDa) ( Figure 3 , lanes 'el.d.', eluted dimers), indicating that all APP family proteins form homodimers at the cell surface.
Homophilic intercellular interaction of APP, APLP1, and APLP2
Our experiments so far have shown that mature, but also immature, APP/APLP forms are interacting in COS7 cells, suggesting that the large intracellular pool of APP family proteins forms lateral cis-dimers. However, to exclusively address trans-interactions at the cell surface, we asked if APP and its homologs are able to promote cell adhesion. Drosophila Schneider (S2) cells are a powerful tool to investigate trans-cellular interaction of cell adhesion proteins (Islam et al, 2004) and receptor-ligand binding (Klueg and Muskavitch, 1999) . Expression of two interacting proteins in two separated pools of S2 cells causes coclustering after mixing of both cell pools, thus giving a direct readout for interaction of the two proteins.
We examined the properties of APP and its mammalian paralogs APLP1 and APLP2 to induce homotypic cell clustering. For this purpose, we transfected S2 cells with APP, APLP1, APLP2, or different extracellular deletion constructs thereof (DE1, DE2, or DEC; Figure 4A ). Transfected single-cell suspensions were aggregated for 2 h and analyzed by immunocytochemistry. The transfection efficiency was within a comparable range of 20-25%, with high cell surface expression of all constructs ( Figure 4A ). Expression of APP/APLP full-length or DE2 constructs caused homotypic cell clustering, whereas no specific aggregation was observed for cells expressing constructs lacking the E1 domain or the entire ectodomain ( Figure 4A ). Recombinant expression of the fulllength Notch receptor or GFP only did not induce homotypic cell clustering (data not shown), confirming the specificity of our assay. Quantification revealed that 6% of all APP-or APPDE2-expressing cells were clustered, showing statistically significant interaction compared to APPDE1-or APPDECexpressing cells ( Figure 4A ; Po0.05). Strikingly, 32 and 36% of APLP1-and APLP2-expressing cells were clustered, respectively ( Figure 4A ). The interaction of APLP1-or APLP2-transfected cells was again strictly dependent on the presence of the E1 domain, but not of the E2 domain, as APLP1DE1-and APLP2DE1-expressing cells were not clustered, respectively ( Figure 4A ; Po0.001). Consistent with these data, confocal microscopy studies of APLP1-expressing aggregated cells revealed that APLP1 strongly accumulated at sites of cell-cell contact transfected cells ( Figure 4A ), but not at contact sites of nontransfected cells ( Figure 4A ).
These data demonstrate that APP family proteins present at the cell surface can stabilize cell-cell interactions by homophilic trans-interaction via the E1 domain.
Heterotypic intercellular interaction of APP, APLP1, and APLP2
We further investigated heterotypic interactions between APP family proteins as our coimmunoprecipitation experiments already suggested a high degree of heterointeraction. Again, S2 cells were transiently transfected with APP, APLP1, APLP2, or the corresponding extracellular deletion constructs. Pairs of differentially transfected single-cell suspension pools were mixed, aggregated, and analyzed by immunocytochemistry. Intriguingly, 28% of mixed cell populations expressing APP and APLP1 displayed heterotypic cell contacts, suggesting a high degree of hetero-trans-interaction ( Figure 4B ). Similar results were obtained for mixed pools of APP and APLP2, or APLP1-and APLP2-expressing S2 cells, where heterocluster formation was counted for 8 or 12% of transfected cells, respectively ( Figure 4B ). Additionally, no interaction of GFP-expressing cells with APP/APLP-transfected cells was observed (Supplementary Figure 3) , strongly suggesting that the observed cell contact formation requires direct interaction of APP family proteins. This is further supported by the finding that cells expressing APP/APLPs lacking the DE1 domain were not incorporated into clusters of APP-, APLP1-, or APLP2-expressing cells, respectively ( Figure 4B ). Consistently, confocal microscopy studies revealed that heterotypic aggregates of APP-and APLP1- expressing cells displayed accumulated APLP1 immunoreactivity at cell-cell contact sites, not only adjacent to APLP1-expressing cells as observed for homotypic clusters, but also at contact sites of APP-expressing cells ( Figure 4B ). APP, in turn, was also localized at cell contact sites and cellular protrusions framing adjacent APLP1-expressing cells ( Figure 4B ).
Together, these results demonstrate that APP, APLP1, and APLP2 have homo-and hetero-trans-interaction properties resulting in cell-cell adhesion, which specifically depend on E1 domain association.
APP/APLPs promote intercellular adhesion of mouse embryonic fibroblasts (MEFs)
Having shown that overexpressed APP family proteins are capable of promoting cell adhesion via trans-cellular interaction, we asked if a lack of APP/APLPs would lead to loss of cell adhesion. To investigate this hypothesis, we used MEFs derived from APP/APLP knockout animals. We tested the cell adhesion properties of MEFs derived from wild-type (WT), APP or APLP2 knockout (APPÀ/À, APLP2À/À), and APP/ APLP2 double knockout (Dko) mice in a modified cell aggregation assay under calcium-and magnesium-free conditions to avoid cadherin-mediated adhesion (Miura et al, 1992) . MEFs were initially treated with 1 mM EDTA and single-cell suspensions were aggregated for 60 min at 80 r.p.m. As cell clusters are formed during aggregation, the number of particles (single cells or cell cluster are equal to one particle) decreases over time. Thus, stronger cell adhesion causes an increase in cell clustering, resulting in a decreased number of particles.
We detected solid and comparable cellular adhesion of WT and APPÀ/À MEFs shown by a decrease in particle number of approx. 40% ( Figure 5A ). Strikingly, cellular interaction of APLP2À/À and Dko MEFs was dramatically impaired, leading to significantly less cell aggregation ( Figure 5A ; Po0.01). However, after supplementation of calcium, APLP2À/À and Dko MEFs still exhibited similar aggregation properties as WT and APPÀ/À cells, indicating that the reduced amount of cellular interaction is not due to a lack of cadherin-mediated adhesion ( Figure 5B ). Since APPÀ/À MEFs were still showing strong cellular aggregation and MEFs do not express APLP1 endogenously (Supplementary Figure 4) , we reasoned that APLP2 might be the essential family member for mediating cell-cell adhesion. To prove this hypothesis, we retransfected Dko cells with APLP2 (DkoAPLP2re). In addition, as we have shown strong trans-interaction of APLP1 in S2 cells, we also analyzed Dko cells stably expressing APLP1 (dkoAPLP1re) and APPÀ/À MEFs stably expressing APP (APPÀ/ÀAPPre). The expression of APP family proteins in the different MEF lines was verified by Western blotting (Supplementary Figure 4) . APPÀ/À and APPÀ/ÀAPPre MEFs both showed strong cellular aggregation, with no significant difference ( Figure 5A ). Intriguingly, we observed strong cellular aggregation for DkoAPLP1re and DkoAPLP2re cell lines, showing that the cell adhesion properties observed in WT cells could be restored by APLP1 or APLP2 (Figure 5A ; Po0.01).
We further assessed the specificity of APLP-induced cell adhesion by coaggregation experiments with the parental Dko cell line. For this purpose, calcein-red-labeled Dko cells were coaggregated with calcein-labeled dkoAPLP1re or dkoAPLP2re cells. We observed predominant homotypic aggregation of dkoAPLP1re and dkoAPLP2re MEFs, with only weak random coclustering of dko cells ( Figure 5C ). Coaggregation of labeled dkoAPLP1re and dkoAPLP2re cells, however, resulted in mixed cell aggregation, largely consisting of homotypic cell clusters ( Figure 5C ). Taken together, our results clearly show that APLP2 is both required and sufficient for calcium-independent cell adhesion of MEFs. Moreover, APLP1 and APLP2 mediate MEF cell adhesion in a predominantly homotypic fashion, suggesting direct trans-cellular interaction.
Heterointeraction of APP/APLPs in vivo
We further aimed to investigate whether heterophilic interactions between APP family members exist in vivo. Therefore, we performed coimmunoprecipitations from WT mouse brain extracts and, to verify specificity, from APPÀ/À, APLP1À/À, and APLP2À/À mouse brain extracts (Figure 6 ).
To analyze APP/APLP1 interaction in vivo, APLP1 was immunoprecipitated with the C-terminal antibody 57 (Eggert et al, 2004) . By this means, APP could be coimmunoprecipitated from WT and APLP2À/À, but not from APPÀ/À and APLP1À/À brain samples ( Figure 6A) , showing specific heterointeraction of APP and APLP1 in vivo. In mouse brain, at least three distinct forms of APP with molecular weights of 100, 108, and 120 kDa were detected ( Figure 6A ; as indicated), likely representing different post-translationally modified APP695 species (Sandbrink et al, 1997) . Interestingly, only the mature, high-molecular-weight forms of APP with molecular weights of 108 and 120 kDa were coimmunoprecipitated with APLP1 ( Figure 6A ), suggesting that a particular pool of APP exists in complex with APLP1 in vivo. We never observed association of the major 100 kDa APP form with APLP1 in vivo making postlysis association highly unlikely.
We also investigated APP/APLP2 interaction by immunoprecipitating APP with the APP-specific antibody 22734 ( Figure 6B ). We detected specifically coimmunoprecipitated APLP2 in WT and APLP1À/À brain extracts only ( Figure 6B) , showing endogenous interaction of APP/APLP2. Additionally, we could also coimmunoprecipitate APLP2 with the anti-APLP1 antibody 57 from WT and APPÀ/À, but not from APLP1À/À or APLP2À/À brain extracts ( Figure 6C ). Interestingly, for both APP/APLP2 and APLP1/APLP2 interactions, only the mature 120 kDa form of APLP2 was coimmunoprecipitated, which corresponds to the observed association of mature APP with APLP1 ( Figure 6A ).
These data further corroborate the interaction of APP/ APLPs by showing the existence of common complexes of mature, higher-molecular-weight, but not immature, forms of APP family proteins in vivo.
Post-translational accumulation of APLPs in APPÀ/À mice
Unexpectedly, during our analysis, we noticed changes in the protein levels of APLP1 and APLP2 in APPÀ/À mice. To investigate this observation in more detail, different 4-or 8-months-old knockout mice were compared with age-matched WT mice ( Figure 7A ).
Interestingly, we detected an age-dependent increase of APLP1 and APLP2 protein levels in APPÀ/À mice compared to WT. This was evident in brain extracts from 8-months-, but not 4-months-old APPÀ/À mice ( Figure 7A ), while neither APLP1À/À nor APLP2À/À mice displayed changes in APP/ APLP protein levels (data not shown). Intriguingly, the signal pattern of APLP1 appeared different in APPÀ/À extracts, as the intensity of the highest-molecular-weight form of APLP1 was already increased in 4-months-old APPÀ/À mice, which was even more pronounced in the 8-months-old mice ( Figure 7A ).
Taken together, accumulation of APLP1 and APLP2 in APPÀ/À mice indicates deregulation of APLP1 and APLP2 metabolism, possibly due to the absence of APP as a binding partner.
APP, APLP1, and APLP2 are enriched in synaptic plasma membranes (SPMs) and APP interacts with APLP1 in synaptic compartments
It has been previously shown that the high-molecular-weight forms of APP with 108 and 120 kDa are particularly enriched in synaptic compartments (Beher et al, 1999) . Therefore, we wanted to investigate whether the high-molecular-weight forms of APP and APLP2 found to interact might be identical to those enriched in synaptic compartments.
For this purpose, SPM fractions were isolated from total brain homogenates (BH) of WT, APPÀ/À, APLP1À/À, and APLP2À/À mice by Ficoll and Sucrose gradient ultracentrifugation as described previously (Beher et al, 1999) . Consequently, we found a strong enrichment of 108 and 120 kDa forms of APP in SPMs compared to levels of the major 100 kDa form ( Figure 7B ). The synaptic enrichment of APP was comparable in samples of WT, APLP1À/À, or APLP2À/À fractions. Likewise, APLP1 and APLP2 strongly accumulated in SPMs to a comparable extent ( Figure 7B) , and, similarly to APP, we found enrichment especially of the highest-molecular-weight form of APLP1 and APLP2 in SPMs ( Figure 7B ). Enrichment of SPM compartments in the purified fractions was confirmed by the expected accumulation of N-cadherin and NMDA receptor 1 and 2B compared to total brain extracts ( Figure 7B ). Since the 108 and 120 kDa APP species found to interact with APLP1 ( Figure 6A ) were indeed enriched in the synaptic preparations, we asked whether the APP/APLP1 heterocomplex exists in synaptic membrane compartments. Therefore, total extracts and SPMs from WT mouse brains were immunoprecipitated either with preimmune serum (PI) or the anti-APLP1 antibody 57, respectively ( Figure 7C ). We found that the 108 and 120 kDa forms of APP were specifically coimmunoprecipitated with APLP1 from SPMs to a similar extent as from total extracts ( Figure 7C ), as comparable amounts of high-molecular-weight forms of APP were present in direct loads (DLs) of both fractions ( Figure 7C ).
Taken together, these data show enrichment of all APP family proteins and the existence of an APP/APLP1 heterocomplex in synaptic membrane compartments.
Discussion
In our work, we were able to demonstrate homo-and heterointeraction of APP, APLP1, and APLP2. Moreover, we have identified the N-terminal E1 domain as the major interaction interface for dimerization of cellular APP/ APLPs. APP dimerization has previously been shown to occur in vitro, as recombinant secreted APP is mainly recovered as a dimer, suggesting that homodimerization is an intrinsic property of APP (Beher et al, 1996; Scheuermann et al, 2001 ). In addition, we could now show that APP/APLP homodimers are present at the cell surface of COS7 cells. However, as APP family proteins expressed in COS7 cells displayed a mainly immature glycosylation pattern, the majority of APP/APLP interaction is most likely taking place in intracellular compartments. Therefore, our data indicate that this intracellular APP/APLP pool primarily forms cis-type interactions in COS7 cells. While we have found a major role of the E1 domain in this respect, recent reports have also implicated the transmembrane region as a site for cis-dimerization. The APP mutant K624C was shown to form constitutive dimers by disulfide bridging within the Ab domain, suggesting close proximity and interaction of the APP juxtamembrane/TM region (Scheuermann et al, 2001) . Moreover, the APP transmembrane domain efficiently dimerized in a bacterial assay (Vooijs et al, 2004) . Although we observed a major relevance for dimerization of the transmembrane region only for APLP1, our coimmunoprecipitation conditions might have not allowed the detection of weaker interactions in the absence of the E1 domain.
Above cis-dimerization, we provide for the first time evidence that APP forms trans-interactions at the cellular level, a property that is even more pronounced for APLP1 and APLP2. As for the coimmunoprecipitation studies, we found the E1 domain also to be essential for cellular interaction of APP/APLP-expressing S2 cells. The observed accumulation of APP/APLPs at sites of cell contact further indicates direct trans-cellular interaction. In contrast to the recently reported trans-dimerization of the APP E2 domain (Wang and Ha, 2004) , we did not observe a major relevance of this domain for dimerization. However, as our analysis focused on the cellular proteins and not on isolated domains, we cannot exclude that E2 domain association plays a role in other processes, for example, for secreted APP/APLPs. Nevertheless, our data together with previous studies strongly suggest that both the transmembrane and the E1 domain are involved in lateral dimerization, while the formation of adhesive complexes only requires the E1 domain (Figure 8 ). In all APP family proteins, the E1 domain is connected to the further C-terminal domains by a highly charged acidic region. We propose that this presumably very flexible linker is needed to allow interaction of E1 domains in both lateral and trans-cellular dimers. With this model, cis-as well as trans-dimerization of APP/APLPs could be achieved with a single E1-binding mode (Figure 8 ).
Cell-cell adhesion mediated by cell CAMs like cadherins and nectins is essential for tissue and synapse formation and executed by trans-dimerization of these proteins present at adjacent cells or at pre-and postsynaptic sites (Takai et al, 2003) . In analogy, we could demonstrate that MEFs lacking endogenous APLP2 exhibit strongly reduced calciumindependent cell adhesion compared to WT cells. This defect could be rescued by exogenously expressing APLP2 or APLP1, showing that they directly induce cell adhesion. Moreover, we observed preferential homotypic cell aggregation of APLP1-and APLP2-expressing Dko MEFs. This finding is consistent with our S2 cell aggregation data showing strong homotypic interaction of APLP1 and APLP2 strictly depending on the E1 domain. Together, our data suggest that MEF cell-cell adhesion requires APLP2 and can be mediated by direct trans-interaction of APLP1 or APLP2, strongly supporting the view that APP family proteins have CAM-like transdimerization properties.
Our findings might play a role in neuronal cell adhesion as well, as we could show that mature endogenous APP/APLPs are associated as heterocomplexes in mouse brain. Our coimmunoprecipitation studies in COS7 cells indicate that, in principle, both mature and immature APP/APLPs can interact with similar efficiency. This observation is consistent with in vitro dimerization of recombinantly expressed soluble APP (Scheuermann et al, 2001) . Additionally, both mature and immature human APP forms from APP23 transgenic mice coimmunoprecipitate with APLP1 (P Soba, unpublished results), showing that in vivo APP/APLP interaction is basically independent of glycosylation. However, we found that endogenous heterocomplexes exclusively contain mature APP/APLPs. Moreover, these interacting high-molecularweight species of APP family proteins strongly accumulated in SPM fractions. In addition, the APP/APLP1 heterocomplex could be recovered from SPMs. As only mature APP is present at the cell surface in neurons (Yamazaki et al, 1997) , we favor a model that endogenous APP/APLP heterointeraction in the brain is limited to the cell surface, which would allow trans-cellular binding. APP and APLP2 have previously been shown to be transported to presynaptic terminals (Yamazaki et al, 1995; Lyckman et al, 1998) and growth cones of neurons (Beher et al, 1999) , while APLP1 has been reported to localize to the postsynapse (Kim et al, 1995) . Interestingly, all APP family members exhibit developmentally increased expression levels correlating with postembryonic synaptogenesis (Moya et al, 1994; Sandbrink et al, 1994; Lorent et al, 1995) , and recent progress revealed that APP and APLP2 are required for neuromuscular synaptogenesis (Wang et al, 2005) . Together with our data showing not only strong homo-trans-interaction of APLP1 and APLP2 but also remarkable hetero-trans-interaction of APP with APLP1, these findings offer the intriguing possibility that trans-cellular APP/APLP interaction is involved in regulating synaptogenesis.
In summary, we have shown that APP, APLP1, and APLP2 have cis-and trans-interaction properties, which largely depend on the conserved E1 domain. Moreover, we have provided evidence that APP family proteins have an essential CAM-like role in cell-cell adhesion. Together with previous genetic studies of APP/APLP2 double-knockout and APP/ APLP triple-knockout mice displaying defects in synaptogenesis (Wang et al, 2005) and neuronal migration (Herms et al, 2004) , respectively, a picture of the molecular function of APP family proteins in control of cell adhesion is finally emerging. Further studies elucidating the interactions of APP, APLP1, and APLP2 could therefore advance our Figure 8 A model for cis-and trans-interaction of APP family proteins. The schematic model of APP/APLP domain organization and interaction is shown. The N-terminal E1 domain is linked to a highly flexible acidic region, followed by the alternatively spliced Kunitz-type protease inhibitor (KPI) domain (for APP and APLP2), the E2 domain, the juxtamembrane/TM region, and the cytosolic domain. Based on our results, we suggest that APP family proteins are capable of forming lateral and adhesive dimers in homo-and heterotypic fashions. The E1 domain is crucial for both cis-and trans-interactions, while the TM region could additionally contribute to lateral dimerization.
understanding, not only of their normal physiological function but also of the pathological role in Alzheimer's disease.
Materials and methods
Expression constructs
pCDNA3.1 and pMT (Invitrogen) constructs of N-terminally myc/ HA-tagged human APP and APLP1, or C-terminally myc/HA-tagged APLP2, together with corresponding deletion constructs were generated by PCR or have been described previously (Paliga et al, 1997; Scheuermann et al, 2001) . N-terminally myc-tagged APP, C-terminally myc-tagged APLP1 (Paliga et al, 1997) , APLP2 (Eggert et al, 2004) , and Notch were subcloned into the pUAST vector. Gal4 was PCR-amplified and cloned into the pMT/ V5-His-TOPO vector (Invitrogen). pCEP4 APP695, APLP1, and APLP2-763 have been described (Paliga et al, 1997; Eggert et al, 2004) . The identity of all PCR-amplified constructs was confirmed by sequencing.
Antibodies
Antibodies against APP (22734 and 40090, gifts from Gerd Multhaup; 22C11 (Weidemann et al, 1989) ), APLP1 (57 (Eggert et al, 2004) ; CT-11, Calbiochem), APLP2 (D2-II, Calbiochem), myc (A-14 and 9E10, Santa Cruz), HA (3F10, Roche), NR1 (Synaptic Systems), NR2B (Santa Cruz), N-cadherin (BD Biosciences), Synaptophysin (Sigma), and b-tubulin III (Sigma) were used. The monoclonal anti-APLP2 antibody D2-13 was generated against the C-terminal 15 amino acids of human APLP2 and verified for specificity. Secondary HRP-coupled secondary antibodies were from Promega. Alexa488 and Alexa594 fluorescent dye coupled goat secondary antibodies were from Invitrogen.
Coimmunoprecipitation of myc/HA-tagged APP family proteins COS7 cells were transiently cotransfected with myc/HA-tagged pCDNA3.1-APP, -APLP1, -APLP2, or empty vector with Lipofectamine Plus (Invitrogen) according to the manufacturer's protocol. Cells lysates were incubated either with anti-myc-agarose (Sigma) or anti-HA-sepharose beads (Roche), washed, and denatured. Total lysates and immunoprecipitates were analyzed on 4-12% Bis-Tris gels (Invitrogen) and probed for HA-and myc-tagged APP family proteins.
Cell surface crosslinking of APP family proteins COS7 cells stably expressing APP, -APLP1, or -APLP2 were labeled with 35 S-methionine and incubated with or without 1 mM 3,3 0 -dithiobis[sulfosuccinimidyl propionate] (DTSSP, Pierce) to crosslink proteins present at the cell surface. APP, APLP1, and APLP2 were immunoprecipitated and denatured under nonreducing conditions and analyzed on 3-8% Tris-acetate gels (Invitrogen), followed by autoradiography. The crosslinked dimers were excised from the gel, extracted, denatured under reducing conditions, and re-analyzed on 3-8% Tris-acetate gels by autoradiography.
S2-cell aggregation assay
S2-cells were transiently transfected as described (Klueg et al, 2002) using Effectene (Qiagen). Consistent transfection efficiencies of 20-25% were achieved for all constructs analyzed. For analysis of homotypic interactions, 4 Â 10 5 cells in single-cell suspension were aggregated in a 24-well plate for 2 h at 80 r.p.m. on a horizontal shaker. For heterotypic aggregation, two separately transfected pools of S2 cells were mixed (2 Â10 5 cells each) as single-cell suspensions and aggregated as described above. Cells were transferred to coverslips and immunostained for the overexpressed constructs according to standard procedures. For quantification, at least three low-magnification fields with equal cell densities were taken from each experiment in a blinded fashion and the immunostained cells were counted. For homotypic aggregation experiments, clusters of three or more transfected cells were scored as positive. For heterotypic aggregation experiments, transfected cells with direct heterotypic cell contact were scored as positive. In total, 300-800 transfected cells were counted per experiment, and the data from at least three independent experiments (nX3, 7s.d.) were evaluated. Statistical significance was tested with an unpaired t-test. Cell surface expression of APP, APLP1, and APLP2 was confirmed by immuno-EM labeling of transfected S2 cells with specific antbodies (see Supplementary Figure 2 ).
MEF cell aggregation assay
Cell aggregation of MEF cells was performed in calcium-and magnesium-free Hank's balanced salt solution (HBSS) essentially as described (Miura et al, 1992) . For coaggregations, MEF cells were prelabeled with calcein or calcein red-orange (Invitrogen). For quantification, the number of cell particles was counted in duplicate per indicated timepoint and the ratio of particles after 15, 30, and 60 min (N t ) compared to starting conditions at t ¼ 0. N 0 was calculated and plotted against time. Experiments were performed at least in triplicates (nX3, 7s.d.) and statistical significance was tested with an unpaired t-test.
Brain extraction, coimmunoprecipitation, and SPM preparation Preparation of brain extracts and SPM was performed essentially as described (Beher et al, 1999) . Mouse brain extracts were prepared from 6-9-months-old (for coimmunoprecipitation and SPM preparation) or 4-and 8-months-old (for age related APP/APLP levels) age-matched mice of the indicated genotype. For coimmunoprecipitation, BH or SPMs were incubated with the indicated antibodies overnight at 41C and analyzed on 7 or 8% Tris-glycine gels.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
